A mass transfer model is proposed for predicting sieving coefficients, S obs , of supercoiled plasmid DNA (pDNA), in the presence of a salt, in membranes with narrow pores, i.e., pores smaller than the gyration radii of the plasmids to be considered for a certain application. The model assumes that permeation occurs due to plasmid suction at the membrane surface as a result of the convective flow, being the probability of permeation also dependent on the instantaneous molecular conformation of the plasmid, when getting close to the pore. Two different approaches are tested to model plasmid structure, that of a closed segmented chains (CSC) of double stranded DNA, and that of considering the superhelical chain as a freely jointed chains (FJC). Both approaches were used to estimate the radius of gyration, r g , of different plasmids by statistical simulation, and the obtained values were compared with experimental data available in the literature.
Introduction
The application of membrane separation techniques for plasmid DNA (pDNA) purification has been investigated in recent years, aiming at its production in large scale, for applications in gene therapy and DNA vaccines [1] [2] [3] [4] [5] [6] [7] [8] . Plasmids are conventionally produced by fermentation, which is followed by cell lysis and further purification steps, usually involving precipitation steps with salts and solvents and at least one chromatographic step, which is generally required to obtain a product of adequate purity. Membranes have a great potential to be used in the downstream process of pDNA production, namely for solid-liquid separations, concentration/buffer exchange and sterilization [9] [10] [11] [12] [13] [14] [15] . Facing this possibility of different applications, it is of general interest to know the ability of these molecules to permeate through porous matrices, in order to choose a priori the adequate membranes for each application.
In terms of molecular geometry, plasmids are long and flexible circular molecules, capable of adopting supercoiled structures, depending on the properties of the medium. Being long and flexible, plasmids have very different sieving characteristics from rigid molecules whose transmission through membrane pores can be approached to that of hard spheres. Therefore, models such as those developed by Deen et al. [16] , Bowen et al. [17] , Noordman and Wesseling [18] and further developed by Morão et al. [19] are not applicable to plasmids. In fact, the possibility of deformation/elongation enables plasmids to permeate through pores of significantly lower size than their molecular hydrodynamic radii as reported by several previous studies [14, 15, [20] [21] [22] [23] [24] . With theoretical models available in literature [21] [22] [23] 25] , it is possible to estimate the critical flux above which the elongation of plasmids is high enough to enable permeation.
Permeation of plasmids through membranes also depends on the ionic strength of the media [22, 26] . Typically it was Bjerrum length for pure water (m) l k length of the segments in a polymer chain (m) observed in these studies an increase in permeation as the ionic strength increases, up to 150-200 mM, even in the case of permeation through non-charged membranes. This phenomenon was attributed to conformational changes of the plasmids with the decrease of electrostatic repulsion between their phosphate groups, as the ionic strength increases, thus becoming more compact molecules [22] . Following an independent approach for explaining the permeation of long flexible molecules through membranes with narrow pores, Morão et al. [27] developed a model for the estimation of the solute partition coefficient at the membrane surface, ˚, under the assumption that, besides molecular deformation induced by the flow, it is also required for permeation that the molecule has an adequate molecular conformation and orientation, when approaching the pore. For that purpose, a Monte Carlo method was developed to estimate the probability of permeation under dynamic conditions of filtration, which can be identified with [ 27] . For obtaining the values of ˚, the molecules were modeled as freely jointed chains (FJC) and the authors found a relationship between ˚ and h (Eq. (14) of [27] ) where h is the ratio between the root mean square of the end-to-end distance of the polymer chain to the pore radius, h 1/2 2 /r p . Alternatively, one can calculate ˚ as a function of g where g is the ratio between the average radius of gyration to the pore radius, r g /r p . The applicability of that model was previously tested with two linear polymers: a dextran and a linear double stranded DNA molecule. The latter was obtained from a supercoiled plasmid by cutting the circular double stranded DNA chain with a restriction enzyme [27] .
The present study aims at obtaining a model for prediction of plasmid DNA transmission, in its intact supercoiled isoform. Two basic models for representing the structure of these molecules are discussed here, that of closed segmented chains (CSC) and that of FJC. Moreover, it is shown here that Eq. (14) of [27] , written in terms of g can be used for obtaining ˚ in the case of a CSC representation. From estimated values of ˚, observed sieving coefficients can be predicted using a mass transfer model developed here in which plasmids are modeled as polyelectrolytes. This model can be used also for the prediction of the ionic strength effect on plasmid permeation, by considering the addition of a salt.
Materials and methods

Set-up of the mass transfer model
To estimate the transmission of a plasmid through a membrane in the presence of a salt, a transport model with, at least, three ionic components has to be considered: the plasmid, denoted component "1", which is a polyanion of charge −(2 nbp) where nbp is the number of base pairs, due to the phosphate groups in its structure, an anion such as Cl − , denoted component "2" and a cation such as Na + , denoted component "3". The concentrations of 1 and 2 are typically known in the bulk of the solution to be filtered, C b,1 and C b,2 , and if one considers that 3 is the counter ion of both components 1 and 2, its concentration will be given by a simple charge balance. A similar balance can be made at the solution near the membrane surface, if no adsorption occurs, where the concentrations of the species are C m,i . These are different from C b,i due to the occurrence of concentration polarization.
At the membrane surface the solutes are distributed between the solution and the membrane pores according to their partition coefficients. Eq. (14) from [27] is used in all the calculations made here to estimate the steric partition coefficient of the plasmid, 1 , with its parameters modified in order to obtain a relationship between ˚ and g :
−2a4 ln exp a2 + a3/2 a4 + exp x a4 + a3 a0 = −11.60; a1 = 11.53; a2 = 3.955; a3 = −5.520; a4 = −0.613
All the membranes studied in this work were previously characterized in terms of pore radius, using the symmetric pore method (SPM) described in Morão et al. [19] . If one can neglect any charge effects on the partition process at the membrane surface, which can be a valid assumption if the membrane is uncharged, the partition coefficient of the plasmid corresponds to ˚1.
Since the dominant mechanism of plasmid transport inside membrane with narrow pores is convection (diffusion should be negligible) and considering that, when permeating through membranes with r p < r s plasmids should occupy the whole cross-section of the pores, under these particular conditions, ˚1 can be identified with the intrinsic sieving coefficient S m,1 [27] . By definition, the intrinsic sieving coefficients of the various components in the multicomponent system correspond to:
where C p,i are the concentrations in the permeate. The values of S m,2 and S m,3 are here approached to 1, assuming that the salts to be considered are not retained by the membrane; therefore C p,i = C m,i for i = 2 and 3.
To complete the set-up of the mathematical model to be used for the calculations, a final set of relationships can be implicitly established between the concentrations C p,i, , C m,i and C b,i through the numeric integration of the extended Nernst-Planck (NP) equation across the concentration polarization layer [17] :
where « is the electric potential and C y,i are the concentrations at a distance (ı-y) from the membrane, being ı the thickness of the concentration polarization layer. The integration should be made under the condition of electroneutrality of the solution, which implies that:
A convenient algorithm for obtaining C p,i from C b,i and the membrane properties is proposed in Appendix I. From the estimated C p,i values one can calculate observed sieving coefficients, S obs,i :
which can be compared with experimental values obtained in filtration tests.
Estimation of the plasmid partition coefficient, F
or the application of the mass transfer model, previously defined, the partition coefficient of the plasmid has to be estimated, and for that purpose it is primarily necessary to define a structural model for representing this kind of molecules.
Being plasmids molecules of highly complex structure, it is desirable to consider a simplified way of representing their threedimensional structure, when facing the problem of simulating their permeation through membranes. For that purpose two simplified approaches are discussed here, that of closed segment chains (CSC) and to consider plasmids as linear molecules.
Closed segmented chains (CSC) approach
The simplest model for representing circular polymers is that of closed segmented chains. A CSC representation of a certain circular macromolecule can be obtained by generating a FJC of the corresponding linear molecule with n k segments of length l k , as described in [27] ; then, the first dot mass of the chain is moved to become at a distance l k from the last dot mass, along the direction of the vector between the two points; then, the position of the second dot mass is adjusted by moving it to a distance l k from the first dot mass in the same way, then the third, etc., and this process is repeated until all the distances between the dot masses are equal to l k . By the use of such an iterative algorithm, three-dimensional representations of a circular molecule, with random conformations and random space orientations, are obtained. For each generated conformation the possibility of permeation through the membrane was tested using a similar procedure than that described in Morão et al. [27] for FJC. The process consists in aligning the mass centre of the molecule with the centre of the pore and also other 10 radial positions; it is tested then, for each radial position, if the closest dot mass of the molecule to the membrane surface is projected inside the pore, as condition for permeation to be allowed. By repeating these tests for a great number of times, typically above 10 5 , one can obtain a radial distribution function of the probability of permeation of the molecule, and by integrating that function one obtains the total probability of permeation, which can be identified with the steric partition coefficient, ˚, of the solute between the solution near the membrane and inside the pores [28] . This partition coefficient should be viewed as a dynamic partition coefficient, since it can only be valid under dynamic conditions of filtration.
The radius of gyration of a certain molecule modeled as a CSC, can be directly determined, also, from the computational simulations of the molecular structure previously described. For that purpose, instantaneous radii of gyration, r * g , were determined each time the CSC was generated during the simulations, which is given by:
in the case of a chain made by equal dot masses [27] . Then, after 10 5 repeated simulations, at least, the average value, r g , was calculated. Values of ˚ for CSC are represented in Fig. 1a as a function of n k for different values of L/r p , where L is the contour length of the chain and r p the pore radius; the obtained values are compared with those of FJC, obtained previously by Morão et al. [27] . As it can be seen, v alues for CSC are slightly higher than those of the corresponding FJC, especially when the number of segments of the chain is low. However, the dynamic partition coefficient dependency on r g is the same for both CSC and FJC (see Fig. 1b ). Thus, it can be concluded from these simulations that Eq. (1), which was obtained originally for FJC, is also valid for CSC.
From the simulations it was also obtained the following relationship that enables the estimation of r g for a CSC as a function of n k and L:
For linear double stranded DNA the value of L can be estimated from the axial rising per each pair of bases, which is 0.34 nm [27] and the number of base pairs; this value should be similar for closed chains, i.e., for pDNA. In order to estimate the value of n k it is necessary to know l k ; as a first approach one may consider that l k is given by the Kuhn distance, l K , of the corresponding linear molecule 
However, l k for a CSC is expected to be lower than l K , taking into account that the molecular strain in a CSC should be higher than in a FJC. Considering, as a first approach, that the ratio of l k to l K is independent on the contour length, it is proposed here to introduce an empirical parameter, ˛, relating these two quantities:
An adequate method of obtaining ˛ for circular DNA is from experimental values of r g available in literature, using Eqs. (7)- (9) . An optimum value of ˛ = 0.196 was found using a least squares method from data obtained for different plasmids at different ionic strength values (see Fig. 2 ). With this knowledge, the estimation of l k from l K becomes possible for any other plasmid using Eq. (9). To check for the accuracy of such predictions, one can use recently obtained radii of gyration of 5.76, 9.80 and 16.8 kbp plasmids, determined by static light scattering that were found to be 102 ± 2, 117 ± 3 and 169 ± 4 nm, respectively, at a constant ionic strength of 230 mM [30] ; from the previous analysis it is possible to predict, for these three plasmids the values of 86, 121 and 171 nm, respectively, which can be considered a good approach.
Freely jointed chains (FJC) approach
Although not linear molecules, plasmids can also be modeled as FJC, but only under conditions of high ionic strength. In fact, when highly supercoiled, plasmids geometrically behave as long linear molecules, as it can be seen in AFM images obtained at high ionic strength (160 mM) [32] .
Under this approach Eq. (1) can be used with r g values calculated from the worm-like chain model, WLC, using the following expression [27, [21] [22] [23] :
(1 − e −Ls/as ) 1/2 (10) Fig. 2 . Radii of gyration for plasmids p1868 (1868 bp) and simian virus 40, SV40 (5243 bp) as a function of the ionic strength [31] . Adjusted trend lines using Eqs. (7)- (9) with ˛ = 0.196 and ˛ = 1.
The subscript "s" used here indicates "superhelix", to note that on application of Eq. (10) to pDNA the values of the persistence length, a s , and the contour length, L s , refer to the superhelix and not to the dsDNA chain. Values of L s and a s are not known a priori, however L s as a first approach can be estimated as 0.5L, where L is the contour length of the dsDNA chain (i.e., L is given by 0.34 nm multiplied by the number of base pairs and the L s value for a certain pDNA molecule corresponds to its maximum possible extension) and then one can adjust a s from known values of r g , using Eq. (10). A different approach was proposed by Latulippe et al. [30] by considering for plasmids an effective contour length of 0.4L, when a s = 46 nm, which is in a better agreement with the value of L s /L = 0.41 previously reported by Boles et al. [33] .
Comparison of the two approaches
The CSC and FJC approaches to model supercoiled pDNA under conditions of ionic strength higher than 0.2 M are compared in Fig. 3 . As it can be seen, the best approach is clearly that of CSC, [31] in the case of considering Ls = 0.5L. Experimental gyration radii are from Latulippe et al. [30] and Hammermann et al. [31] .
which gives an average error on the calculated r g less than 4%. Therefore, this was the model selected for the calculations.
Using this approach one can estimate the dynamic partition coefficient of plasmids as function of their number of base pairs and the pore radius of the membrane (see Fig. 4 ).
Experimental detail
A 6050 bp plasmid, pVAX1-LacZ, was used in the experimental work reported here. The plasmid was produced by a cell culture of E. coli DH5␣, then isolated and purified as described in Sousa et al. [34] , with the purity of the final product being checked by agarose gel electrophoresis. All plasmid solutions used in the tests were prepared in a buffer solution consisting of 10 mM Tris/HCl at pH = 8.0 with addition of 0.45 M NaCl, except in tests where the effect of the ionic strength on the sieving coefficients was investigated. In those tests, appropriate amounts of NaCl were added to the same buffer solution to obtain different values of ionic strength.
The membranes used and their main characteristics are indicated in Table 1 . As it can be seen, all the membranes have similar pore radii but different membrane materials; in the case of the track-etched polycarbonate (TEPC) membrane the pore size distribution is known from Kim et al. [35] ; for both XM300 and YM100 membranes average pore radii were determined from rejection data of neutral solutes, using the symmetric pore model (SPM) described in Morão et al. [19] ; the obtained values of r p are indicated in Table 1 .
Filtration tests were performed in a 10 ml stirred cell from Amicon/Millipore, model 8010, with an effective filtration area of 4.1 × 10 −4 m 2 . Before filtration of the plasmid solutions the membranes were kept in water overnight in the dark and then flushed in the cell with 20 ml of the buffer solution to ensure the complete removal of possible contaminants, namely preservatives in the new membranes to be used. The buffer solution was then removed from the filtration cell and replaced by 10 ml of plasmid solution to be filtered. A sample of the feed solution was collected immediately before filtration. The stirring speed, ω, was set at 100 and 800 min −1 (previous calibration was performed) and the temperature in all the tests was 20 ± 1 • C. The permeate flow was controlled in all tests, using a Watson-Marlow 403 U peristaltic pump, placed after the membrane (thus imposing the permeate flux by suction); this pump has 10 rotating cylinders, and this ensures an almost nonpulsed flow. Before collecting the permeate samples to be analyzed, the first 1.0 ml of filtrate was collected in a Eppendorf tube to be rejected. This procedure avoided any significant dilution of the permeate samples by the buffer solution initially present in the tubes of the peristaltic pump, as experimentally checked. The permeate volume collected for each sample was 0.6 ml (thus a total permeate volume of 1.6 ml was collected). Plasmid concentrations, in both permeates and feed solutions, were determined by measuring the absorbance at 260 nm, with a Ultrospect 3000 spectrophotometer from Pharmacia Biotech.
Results and discussion
Using the CSC approach, the gyration radius of plasmid pVAX1-LacZ was estimated to be 85.6 nm at the ionic strength of 0.46 M, which is approximately the value used in all the tests (except those were the ionic strength was varied). From this value and the pore radii values given in Table 1 , the dynamic partition coefficients of the plasmid on the various membranes can be readily estimated using Eq. (1). The obtained values are indicated in Table 2 . Using these values, observed sieving coefficients were estimated by numerically solving the set of Eqs. (1)- (5), with ı being estimated as:
where k 1 is the mass transfer coefficient of the plasmid obtained from the following well-established correlation valid for stirred cells [36, 37] : [27] . e Experimentally determined using Dextran T70 and Ficoll 70 as reference solutes by the method described in [19] .
The diffusion coefficient of plasmid pVAX1-LacZ was estimated to be 2.97 × 10 −12 m 2 s −1 , using the correlation proposed by Prazeres et al. [38] . The observed sieving coefficients of plasmid pVAX1-LacZ on membranes TEPC 0.03 m, XM300 and YM100, for different stirring speeds, as a function of the flux are shown in Fig. 5 and compared with the corresponding theoretical predictions.
As it can be seen in Fig. 5 , the pure theoretical predictions (p.) based on the proposed model agree with the observation that intermediate sieving coefficients of the plasmid are found in the range of permeate flux values tested and at the highest stirring speed clearly approach the experimental results.
The observed sieving coefficients are, however, generally lower than predicted; this suggests the occurrence of an excessive accumulation of the plasmid at the membrane surface or fouling, which should be more intense at the lowest stirring speed.
To further analyze these possible plasmid/surface interactions, one can consider the hypothesis that plasmid adsorption occurs at the membrane surface. In that case the surface would become negatively charged due to the fact that plasmids are highly negatively charged molecules, and this could possibly explain the observed deviations between the observed and predicted values. To investigate for this possibility, the algorithm previously described for the estimation of S obs can be modified in order to allow an estimate of the surface charge, Q x , from the experimental values of S obs . Then, from the obtained Q x values the fractional coverage of the surface, Â can be estimated. Details of the algorithm used in these calculations are indicated in Appendix II. The obtained values of Q x and Â, are shown in Fig. 6 , as a function of the permeate flux. As it can be seen, very reasonable values of Â are obtained, on the basis that a monolayer of adsorbed plasmid molecules is formed at the surface of the membranes. For each membrane, the fractional coverage is clearly higher at the lowest stirring speed and for the YM100 membrane the highest values of Â are obtained, which reflects the higher deviations of S obs from the theoretical predictions, found for this membrane. About the values of Q x it is found a linear dependency of Q x on J v and that dependency is apparently independent of the membrane used. With the aid of the correlations indicated in Fig. 6d , a better model description of the dependency of S obs on J v and ω can be made, by considering the effect of surface charge on S obs , instead of assuming Q x = 0, in the calculations (see Fig. 5 ).
Apart from the effects of pore size, flux and stirring speed in plasmid S obs it is also important to understand the effect of the ionic strength, which markedly affects it. Observed sieving coefficients of the plasmid, obtained at different values of ionic strength in the TEPC 0.03 m membrane and also in a 0.2 m nylon membrane, are shown in Fig. 7 , and can be compared with model predictions assuming negligible adsorption, i.e., Q x = 0. As it can be seen, at high values of ionic strength the sieving coefficients are very high and as the ionic strength decreases, a sharp transition is observed near 50 mM in the case of the TEPC 0.03 m membrane, towards very low values of S obs , as predicted by the model. In the case of the 0.2 m membrane, which has larger pores, the ionic strength transition value is apparently lower, near 10 mM, as predicted by the model, also. The dominant factor that leads to the observed Table 2 Dynamic partition coefficients of plasmid pVAX1-LacZ on the membranes studied at the ionic strength of 0.46 M. decrease in S obs is the decrease of plasmid concentration near the membrane surface, i.e., the C m,1 values (see Fig. 8 ). This is a consequence of the higher repulsion that occurs between plasmid molecules at the membrane surface as the salt concentration is decreased, which can be inferred from the increase, in absolute value, of the electric potential gradient near the membrane surface, (d« /dx) 0 , as the ionic strength decreases (see also Fig. 8 ).
Conclusions
A mass transfer model was developed for predicting the sieving coefficients of plasmids in membranes with narrow pores. Under these circumstances it is considered that permeation only occurs due the suction effect of the convective flow and plasmids occupy the whole cross-section of the pore while permeating, being convection the only transport mechanism inside the pore. At the membrane surface plasmid molecules tend to accumulate due to concentration polarization; however this accumulation is counterbalanced by the intermolecular electric repulsion of the plasmid molecules, that are highly negatively charged.
The accuracy of the predictions of the developed model was found to be significantly dependent on the hydrodynamic conditions used, more specifically the stirring speed and also the imposed permeate flux. However, the observed deviations between the experimental results and the predictions can be interpreted with the aid of the developed model, by considering that adsorption of plasmid molecules occurs under conditions of excessive accumulation at the membrane surface. In that case, it is proposed that a monolayer of plasmid molecules is formed, which imparts negative charge to the membrane surface. In that case, plasmid molecules would be partially excluded from the region near the pores, which leads to the observed decrease of the sieving coefficients in respect to the model predictions.
Apart from the hydrodynamic effects, the accumulation of plasmid molecules at the membrane surface can be counterbalanced also by decreasing the ionic strength of the medium, since plasmid molecules are highly negatively charged and therefore the intermolecular electric repulsion is enhanced. Very accurate predictions of this effect are obtained with the model developed here. respectively, under the assumptions that convection is the only transport mechanism inside the pores, for the plasmid ˚1 can be identified with the intrinsic sieving coefficient and that components 2 and 3 are not retained by the membrane. With these values of C p,i the differential equation set (3) with the conditions (4) can be solved, using the C b,i as initial conditions along a distance ı, which corresponds to the concentration polarization layer thickness (ı can be estimated from Eqs. (11) and (12) The absolute deviations are divided by the respective C b,i since the plasmid concentrations are always much smaller than those of the salt. In order to obtain the correct set of C m,i values, the initially guessed values of C m,1 and C m,2 can be varied along pre-established intervals, to find the minimum value of f.
Appendix II.
For these calculations an iterative method can be used in which an initial approach is made, C p2 ≈ C b2 , and from the known values of C p1 , C p3 is then calculated. Then, from the values of C bi and C pi , Eq. (3) can be solved as previously described thereby obtaining the C mi values. Considering that some plasmid molecules are adsorbed at the membrane surface, forming a negatively charged film, all the components in solution will be involved in a partition equilibrium, with the concentrations of non-adsorbed species in that film, C M,i being given by: 
Then, the values of C M,2 and C M,3 can be calculated through Eq. (A2.1). With the C M,2 value a new approach for C p2 is then obtained and the same calculations should be cyclically repeated, until convergence is obtained. Finally, with the obtained values of C M,i , Q x can be calculated from the charge balance at the adsorbed layer at membrane surface:
Assuming that it is a monolayer of plasmid molecules that is formed at membrane surface, the fractional coverage of the surface can be estimated from the values of Q x . First, it is calculated the number of adsorbed molecules, per unit of volume of the monolayer:
where N A is the Avogadro number, taking into account that each pDNA molecule has (2 nbp) charged groups. By multiplying N ads by a distance of twice the gyration radius of the plasmid, 2r g , it is obtained approximately the number of pDNA molecules adsorbed per unit of area. Since each plasmid molecule occupies an approximate area of r 2 g , the fractional coverage of the surface will be given by:
